Abstract: Ultrashort-cavity structure for III-V/SOI vertical cavity laser with light output into a Si waveguide is proposed, enabling 17 fJ/bit efficiency or 120 Gbit/s speed. Experimentally, 27-GHz bandwidth is demonstrated at 3.5 times of threshold.
Introduction
In optical interconnect applications, lowering the energy/bit defined as the energy used to generate a bit signal is one of key issues for light sources [1] . Recently, we have demonstrated a promising vertical cavity laser structure that is integrated onto a silicon-on-insulator (SOI) wafer and emits light laterally into a Si waveguide, hereafter denoted as silicon vertical-cavity in-plane-emitting laser (Si-VCIEL) [2] . In this Si-VCIEL structure, a high-index-contrast grating (HCG) works as a vertical reflector, as well as funnelling light into an in-plane Si waveguide [3] .
Here, we report that a carefully-designed HCG with high reflectivity for TM polarized light (TM HCG) allows to realize a ultrashort cavity for the Si-VCIEL. Based on this design, we experimentally demonstrate a 3-dB bandwidth of 27 GHz at 3.5 times of threshold. Numerical simulations calibrated with experimental measurements show that the energy/bit can be as low as 17 fJ/bit at 0.8 mA while the speed can be as high as 120 Gbit/s at 5.0 mA. As shown in Fig. 1(a) , the considered Si-VCIEL consists of a dielectric DBR, III-V active layers, and a Si HCG region that is connected to a Si ridge waveguide. Note that the HCG region and an output waveguide are formed in the same Si layer of an SOI wafer. There is an air gap between the III-V active layers and the Si HCG region. By reducing the thickness of the air gap, a very small cavity length can be achieved.
Ultrashort-cavity design
The air gap thickness is determined by two factors: the length of evanescent tail of the modes within the HCG and the reflection phase shift of the HCG. An example of the evanescent tail is shown in Fig. 1(b) . By using a TM HCG with a small period, the evanescent tail extension can be minimized [4] . In addition, the negative reflection phase may further reduce the airgap thickness. Fig. 1(c) shows that a TM HCG can reach 99.9 % reflectivity value at an air gap thickness less than 150 nm, which is about 0.1 times of wavelength.
Results and discussion
Based on the TM HCG with a very small air gap thickness, a Si-VCIEL has been fabricated, as shown in Fig. 2(a) . The DBR is 6 pairs of Si/SiO 2 and the active material includes 7 InGaAlAs/InGaAlAs quantum wells (QWs). Fabrication processes are CMOS-compatible, which are the same as in [2] expect that DBR is defined by dry-etching instead of liftoff. The laser sample was optically pumped through the DBR. For small signal characterization, the 980-nm pumping light was modulated by using a high-speed modulator. The emission light was directed measured by a high-speed photodetector which is connected to a network analyzer. The frequency responses of the modulator and photodetector are substracted. Fig. 2(b) shows the small-signal response spectrum measured at 3.5 times of threshold. This shows that the 3-dB bandwidth is as high as 27 GHz, which is the highest directly modulated bandwidth from any type of Si-integrated laser to our knowledge. Due to the saturation in the modulator, we cannot increase the pumping power. Thus, after calibrating the rate equations model with experimental measurements, we numerically investigate several different cases. The quantum confinement factor is calculated from FDTD simulation. As shown in Fig. 3(a) , the response is quite flat at an injection current of 5.0 mA while the 3-dB frequency is as high as 20 GHz at 0.8 mA. Figures 3(b) and 3(c) show eye-diagram simulations performed at 0.8 mA and 40 Gbit/s and at 5.0 mA and 120 Gbit/s, respectively. For the 5.0 mA case, a two-step pre-equalization is used.
For both cases, eye is clearly open. In the 0.8-mA injection case, the energy/bit is as low as 17 fJ/bit. Since the average output power is about 200 µW, the bit error rate (BER) can be lower than 10 −12 without forward error correction (FEC). Often, nano lasers with very small energy/bit requires the FEC, which consumes 300 fJ/bit to 3 pJ/bit [5] . Thus, our Si-VICIEL appears promising for chip-level optical interconnects.
In the 5.0 mA case, the speed is as high as 120 Gbit/s. This high speed might be desirable for high-performance computer applications. Since 56 Gbit/s speed can be achieved at slightly above 1 mA current, the lifetime reliability of this laser could be improved, compared to conventional VCSELs.
Conclusion
We have proposed an ultrashort cavity vertical cavity laser structure based on TM HCG implemented on a SOI wafer. The experimentally measured bandwidth of 27 GHz at 3.5 times of threshold proves the proposed cavity concept works.
